The rnc-97 mutation of the Escherichia coli double-stranded-RNA-specific ribonuclease 111 (RNAaseIII) was previously isolated by virtue of the lethal expression of RNAaseIII in Saccharomyces cerevisiae. Here we show that rnc-97 is a single point mutation causing the substitution of glycine 97 by glutamic acid. The mutation eliminates the lethal phenotype of RNAaseIII expression in yeast and reduces fourfold the effect of RNAaseIII expression on bacteriophage gyl propagation in E. coli. Mutant RNAaseIIGG97E and wild-type RNAaseIII were purified according to published procedures. The apparent molecular masses of the two enzymes on SDS polyacrylamide gels are the same but they differ in PI (6.85 for RNAaseIIbG97E and 7.3 for RNAaseIII). Whereas the two enzymes (under standard assay conditions) do not show a great difference in activity towards doublestranded RNA and defined single-stranded RNAaseIII substrates, they differ dramatically (20-fold or more) under conditions of Mg2+ limitation. The hypothesis that limitation of Mg2+ ions in vivo is responsible for the phenotypes of the rnc-97 mutation in S. cerevisiae and E. coli is discussed.
Introduction
RNAaseIII is a double-stranded RNA (dsRNA)-specific ribonuclease from Escherichia coli. The enzyme recognizes certain dsRNA structures; it is involved in processing the transcript of the rRNA gene cluster precursor and in maturation of certain bacteriophage and bacterial mRNAs (Dunn & Studier, 1973; King et al., 1986; Portier et al., 1987; Studier & Dunn, 1983) . In vitro RNAaseIII can also nonspecifically cleave RNA-RNA duplexes more than 20 base pairs long, producing fragments with an average size of 15 base pairs (Robertson & Dunn, 1975) . The rnc gene, which encodes RNAaseIII, is located at 55 min on the E. coli chromosome (Studier, 1975) ; the gene has been cloned (Watson & Apirion, 1985) and sequenced (March et al., 1985; Nashimoto & Uchida, 1985) . The rnc operon contains three genes, with era and rec0 immediately downstream of the rnc gene (Takiff et al., 1989) . RNAaseIII is a dimer composed of two identical subunits, each of molecular mass approximately 25 kDa (Dunn, 1976; March & Gonzalez, 1990) . There are no *Author for correspondence. Tel 972 2 428242; fax 972 2 784010; BITNET, OPHRYBHUJIMD.
reports on the biochemical characterization of mutant RNAaseIII enzymes. Very few mutations in rnc have been isolated; the most important of these is rnc-105, which renders the enzyme inactive (Dunn & Studier, 1973; Studier & Dunn, 1983) . The mutation, isolated more than 15 years ago, is a missense mutation changing the 44th residue,. glycine, to aspartic acid (Kindler et al., 1973; Nashimoto & Uchida, 1985) .
RNAaseIII of E. coli has been previously cloned into an expression vector in Saccharomyces cerevisiae and has been shown to cause abnormal cell morphology and cell death upon induction (Pines et al., 1988) . Mutants selected for resistance to RNAaseIII induction were subsequently isolated. The genetic alteration leading to this resistance was localized within the RNAaseIIIcoding region, but not in the yeast chromosome, suggesting that S. cerevisiae contains some essential RNA which is susceptible to E. coli RNAaseIII. In this study we purified and characterized one of these RNAaseIII mutant proteins in an attempt to gain an understanding of the molecular basis of its phenotypes in S. cerevisiae and in E. coli. dsRNAase activity assay. Total S. cerevisiae RNA was incubated with samples to be assayed, and then subjected to electrophoresis on a 0.7% agarose gel as previously described (Pines et al., 1988) . RNAaseIII activity was detected by specific degradation of yeast killer L dsRNA and observed on ethidium-bromide-stained gels.
Cleavage of RNAaseIII speci9c sites. The RNA was prepared in vitro from T7 expression vectors encoding RNAaseIII cleavage sites. These plasmids were linearized with EcoRV (pET-4, pAR2656, pAR2652) or EcoRI (pAR3903) and runoff transcripts were produced using T7 RNA polymerase, precisely as detailed by the Stratagene transcription kit. Approximately 5 pg of transcript was obtained from 1 pg of template. These transcripts are referred to in the text as single-stranded RNAaseIII specific substrates. The standard RNAaseIII assay contained 100 ng RNAaseIII and 400 ng RNA in a total volume of 15 pl. Polyacrylamide gel isoelectric focusing. Analytical isoelectric focussing was performed in 125 x 125 mm slabs of a fabric-reinforced polyacrylamide gel (Serva) of 5 YO T, 3 YO C and 150 pm thickness, containing 5 % (v/v) Servalyt carrier ampholytes covering the pH range 3-10. Samples (10 pl) were applied in slots of 7 x 1 mm at a distance of 2.7 cm from the cathode, using the Serva applicator strip.
The run was carried out at 8-10 "C for 2.5 h, at 3 W constant power. A mixture of 25 mM-L-aspartic acid and 25 mM-L-glutamic acid was used as anolyte, and a mixture of 23 mM-L-arginine, 27 mM-L-lysine and 1.79 M-ethylenediamine as catholyte. Serva's protein test mixture no. 9 or Pharmacia's high-pI markers (pI 5-10.5) were used to calibrate the pH gradient. The gels were stained with Coomassie Brilliant Blue R-250.
Immunoblotting. Samples were subjected to polyacrylamide gel electrophoresis (PAGE) (Laemmli, 1970) or polyacrylamide gel isoelectric focussing. Western blotting was performed using Hoefer's TE 70 Semiphor semi-dry transfer unit, with nitrocellulose 0.2 pm. Towbin's transfer buffer, pH 8.3, was used containing 192 mM-glycine, 25 mM-Tris, 1.3 mM-SDS and 15 % (v/v) methanol. Transfer was performed for 45 min under 100 mA constant current. The presence of RNAaseIII was detected with anti-RNAaseIII polyclonal antibodies (Pines et al., 1988) and iodinated protein A essentially according to Towbin et al. (1979) and as we have previously described (Shonberger et al., 1991) .
DNA manipulations and sequencing. To map the rnc-97 mutation, a SalI-BstXI 570 bp fragment was reciprocally exchanged between pSP97 and pPY2 (appropriate DNA restrictions and ligations were performed). Each of the resulting hybrid plasmids was transformed into S. cerevisiae DMMI-15A and examined for lethal expression exactly as described by us previously (Pines et al., 1988) .
To express the wild-type and the mutant RNAaseIII in E. coli, 850 bp SalI-BamHI fragments from pPY2 or from pSP97 were inserted into the XbaI and BamHI sites of the PIN-I11 (Masui et al., 1983) expression vector (Sall and XbaI sites were changed to blunt ends with the large fragment of DNA polymerase I). The resulting plasmids are designated PIN-pPY and PIN-SP97 respectively. The cloned genes are under the control of the lpplac hybrid promoter (Masui et al., 1983) .
mc-97 mutation of RNAaseIII 719
For DNA sequencing, a 570 bp fragment (Safl-BstXI) from PINsP97 was cloned into the Safl and KpnI sites of bluescript KS. DNA was isolated and sequenced with Sequenase according to the recommendation of the manufacturer (USB).
encode RNAaseIII). In contrast, gyl retained 60 YO of its RNAaseIII-G97E), indicating a fourfold effect of the mc-97 mutation on the capacity to reduce gyl proplating efficiency on B L~O~(~I N -S P~~) (which encodes
Purijication of RNAaseIII-G97E and RNAaseIII. E. coli A6008 rnc-14: : ATnIO) harbouring plasmid PIN-pPY or PIN-SP97 was grown in 2 litres of M9-glucose medium (Miller, 1972) supplemented with 20 pg tryptophan ml-I, 50 pg ampicillin ml-' and 0.5 % Casamino acids. At a concentration of 4 x lo8 cells ml-', protein expression was induced by adding isopropyl B-D-thiogalactopyranoside (IPTG) to a concentration of 1 mM. Cultures were grown for an additional 6 h and then centrifuged, yielding 20 g cell pellets. The cells were lysed and the proteins were purified essentially according to March & Gonzalez (1990) , including ammonium sulphate precipitation, a Sephadex G-1 00 column, a DEAE-Sepharose column and affinity chromatography on poly-rI-poly-rC agarose.
Results

Expression of wild-type and mutant RNAaseIII in E. coli and S. cerevisiae
Induction of expression of the E. coli RNAaseIII gene in S. cerevisiae which results in cell death has been used to isolate mutations localized within the RNAaseIII protein-coding region (Pines et al., 1988) . One of the mutant RNAaseIII genes, designated rnc-97 (previously SP I), was selected for further analysis. This mutant gene was of particular interest since S. cerevisiae expressing the corresponding mutant protein (RNAaseIII-G97E) still exhibited high levels of dsRNAase activity (similar to that of cells expressing RNAaseIII); nevertheless, it was not lethal to the yeast cells (Pines et al., 1988) .
To investigate the nature of the mc-97 mutation and to facilitate purification of the protein, we cloned the mutant and wild-type genes from the respective yeast plasmids into an E. coli expression vector. DNA fragments (Pines et al., 1988) from plasmids pPY2 (encoding wild-type RNAaseIII) and pSP97 (encoding RNAaseIII-G97E) were inserted into the appropriate sites of the E. coli expression vector PIN-I11 (Masui et al., 1983) . The resulting cloned genes (designated PIN-pPY and PIN-SP97 respectively) are under the control of the lpp-lac promoter; thus they are expressed at high levels in the presence of a lac inducer.
Since it is possible to detect a distinct phenotype of the mc-97 mutation in yeast, it was important to see if we could detect a phenotype of the mutation in E. coli. For this we have recently isolated and characterized a novel bacteriophage, gy 1, whose propagation in E. coli depends on the expression of RNAaseIII in the cell (Davidov et al., 1992) . Phage gyl has a low efficiency of plating on rnc+ E. coli strains and a high efficiency of plating on rncstrains. The plating efficiency of gyl on E. coli BL 107(pIN-pPY) (which encodes RNAaseIII) was 10-14 YO of that of gyl on BL107(pIN-III) (which does not pagation. In addition, the-size of gyl plaques on BL 107(pIN-SP97) was significantly larger than on BL107(pIN-pPY): approximtely 1 mm for the former and 0.5 mm for the latter.
RNAaseIII expression in E. coli cells has been previously shown to affect the size of bacteriophage T7 plaques (Apirion &Watson, 1975; Nashimoto & Uchida, 1985) . We found that T7 formed larger plaques on BL107(pIN-pPY) (7 mm diameter) than on BL107(pIN-SP97) (4 mm), which in turn were larger than T7 plaques formed on BL107(pIN-III) (3 mm).
PuriJcation of mutant and wild-type RNAaseIII
Plasmids PIN-pPY and PIN-SP97 were transformed into the E. coli mc-strain A6008 (which contains a ATnlO disruption of the mc gene: Altuvia et al., 1991; Takiff et al., 1989) and then used to express and purify RNAaseIII and RNAaseIII-G97E. The procedure, based on the work of March & Gonzalez (1990) , included chromatography employing Sephadex G-100, DEAESepharose and poly-rI-poly-rC agarose. The proteins recovered at various stages of the purification process and subjected to PAGE are shown in Fig. 1 (a,b) . The position of RNAaseIII in the gel (arrow) was determined by Western blot analysis using RNAaseIII polyclonal antibodies (Fig. 1 c) . Approximately 2-5 mg of RNAaseIII and 1-5 mg of RNAaseIII-G97E were obtained. Following electrophoretic separation of 5 pg of the material from the final purification step, no additional bands were detected (Fig. lb) . The purified protein can digest S. cerevisiae L killer dsRNA and introduce specific cleavages into defined RNAaseIII single-stranded RNA substrates as described in the following sections. The electrophoretic mobilities of RNAaseIII and RNAaseIII-G97E on SDS-PAGE gels were identical, indicating that the mc-97 mutation has not significantly altered the molecular mass of the mutant protein.
DNA sequence analysis of the rnc-97 mutation and determination of the pI of RNAaseIII-G97E.
We have previously shown that the rnc-97 mutation is located within an 850 bp sequence which includes the RNAaseIII protein-coding sequence (Pines et al., 1988) . In this study we reciprocally exchanged a SalI-BstXI 570 bp sequence between pPY2 (which encodes RNAaseIII) and pSP97 (which encodes RNAaseIII-G97E). By examining the lethality of the resulting hybrid genes in yeast, it was possible to determine that the mc-97 mutation is located within the 570 bp sequence. DNA sequence analysis of this 570 bp fragment revealed a single substitution of G : C to A:T, 290 bp from the A of the first methionine codon. This changes glycine 97 of RNAaseIII to glutamic acid. Total cellular extracts of E. coli strains harbouring PIN-pPY and PIN-SP97 were subjected to analytical isoelectric focusing on polyacrylamide gels (Fig. 2) . The migration positions in the gel of RNAaseIII (middle arrow) and RNAaseIII-G97E (bottom arrow) were determined by Western blot analysis using RNAaseIII polyclonal antibodies (not shown). The apparent PI of the enzymes when compared with the PI markers (lane 3) is approximately 7.30 for RNAaseIII (lane 2) and 6.85 for RNAaseIII-G97E (lane 1). Substitution of a glycine by a glutamic acid is expected to lower the PI of RNAaseIII. The theoretical PI of the RNAaseIII, calculated from its amino acid composition using the simplified procedure described by (1989), is 6-80. According to this calculation, substitution of one glycine residue by a glutamic acid residue in RNAaseIII-G97E would give a PI of 6-55. Disagreement between experimental and theoretical PI values is a common finding, and can be explained by the degree and type of folding of the proteins, which can affect the binding of ions and carrier ampholytes to the proteins and can affect the pK values of their specific groups.
Activity of RNAaseM-G97E and RNAaseUI
RNAaseIII exhibits two kinds of ribonuclease activity : (a) nonspecific activity towards dsRNA of sufficient length (see Introduction), and (b) cleavage of singlestranded RNAs which form certain double-stranded structures that are specific substrates of the enzyme. It was of interest to determine whether the rnc-97 mutation affects one of these activities more than the other, thus < < producing a difference between the specificities of the wild-type and mutant enzymes. This in turn could be responsible for the observed phenotypes in yeast and E. coli. We chose to examine the activities described above in the same way; the RNA substrates were incubated with various concentrations of the enzymes and then the cleavage products were analysed by gel electrophoresis. Digestion of yeast killer dsRNA is presented in Fig. 3 . Equivalent amounts of RNAaseIII and RNAaseIII-G97E were incubated with this dsRNA under standard assay conditions (see Methods). We estimate that the wild-type enzyme has two-to threefold more activity than the mutant enzyme (Fig. 3) .
Cleavage of single-stranded RNA is presented in Fig.  4 . Since it was possible that the rnc-97 mutation may alter the specificity of the enzyme, we examined a number of single-stranded RNA substrates. This included in vitro runoff transcripts encoding RNAaseIII cleavage sites (4 10 1.0 0. I from the mc operon (Fig. 4a) and from the bacteriophage T7 RO-3 (Fig. 4b) , R1.l (Fig. 4c) and R18.5 (not shown) genes. In all cases, the wild-type and the mutant enzymes introduced cleavages at identical sites as determined by the mobility of their respective cleavage fragments on polyacrylamide gels. When comparing the activity of similar amounts of these RNAaseIII proteins, we again found (as for the activity on dsRNA) that the wild-type enzyme was about twofold more active than the mutant enzyme. This is demonstrated in Fig. 4 by the full cleavage of RNA substrates by RNAaseIII versus partial cleavage by an equivalent amount of RNAaseIII-G97E (compare lanes 2 and 3 in Fig. 4a , lanes 1 and 2 in Fig.  4 b and lanes 1 and 2 in Fig. 4 c) . Thus, we did not detect differences in the specificity of the two RNAases, but + r \ -1 2 3 4 5 6 7 8 9 10 11 1 2 1 3 1 4 rather a small difference in the level of their activity. enzyme assay, we decided to examine the effects of temperature, pH, ionic strength and concentration of Mg2+ ions on RNAaseIII-G97E activity (dsRNAase and cleavage of the bacteriophage T7 R1.l site). Whereas we found no differential effect of temperature (at 25, 30, 37, 42 and 50 "C) or ionic strength (at 120, 100, 50, 10, and 2 mM-KaC1) on the activity of RNAaseIII-G97E versus RNAaseIII, there was a detectable difference between the enzymes with respect to pH. At pH 5.8 RNAaseIII-G97E had about half the activity exhibited by RNAaseIII. Even though this differential effect of pH on the wild-type and mutant enzymes was reproducible, it was rather subtle. It is important to note that in all the experiments described here we compared the effect of the various factors on amounts of RNAaseIII and RNAaseIII-G97E which correspond to equivalent levels of dsRNAase activity under standard conditions. A striking effect on RNAaseIII-Gg7E activity was discovered upon limitation of Mg2+ ions in the reaction buffer. At the standard concentration of Mg2+ in the assay (1 0 mM), both enzymes exhibited dsRNAase activity towards yeast L dsRNA (Fig. 5a, lanes 3 and 4) . However, with 1 mM-Mg2+ in the assay buffer, RNAaseIII exhibited dsRNAase activity whereas the mutant enzyme did not (compare lanes 5 and 6). Even when the concentration of RNAaseIII-G97E was increased two, four and eightfold (lanes 8, 10 and 12 respectively) we could not detect L dsRNA degradation. Thus, RNAaseIII-G97E is sensitive to a reduction in Mg2+ concentration; under such conditions, we estimate that there is at least a 20-fold difference between the activities of RNAaseIII (lanes 3, 5, 7, 9, 11, 13) and 6, 8, 10, 12, 14) was examined in the presence of 10 mM (lanes 3,4); 1 mM (lanes 5-12); and 0-1 mM (lanes 13 and 14) MgCl,. The amount of RNAaseIII used was 100 ng for samples in lanes 3,5 and 13, which was increased two, four and eight fold in lanes 7,9 and 11, respectively. The amount of RNAaseIII-G97E used was 200ng in lanes 4, 6 and 14, which was incresed two, four and eight fold in lanes 8, 10 and 12, respectively. Lane 2 contains uncleaved yeast RNA and lane 1 contains bacteriophage h DNA cleaved with HindIII. Assay conditions and electrophoresis were as described for RNAaseIII-G97E (lanes 3, 5, 7 and 9) in the presence of 10 mM (lanes 2 and 3), 1 mM (lanes 4 and 5), 0.1 mM (lanes 6 and 7) and 0.01 mMMgCl, (lanes 8 and 9). Lane 1 contains undigested RNA. Assay and electrophoresis conditions were as described for Fig. 4 . Arrows show the positions of the uncleaved (top) and cleaved (bottom) transcript. the wild-type and mutant enzymes. As previously determined (Robertson et al., 1968) , wild-type RNAaseIII also requires Mg2+ for its activity; however, only when the Mg2+ concentration was reduced to 0.1 mM did we detect a reduction in dsRNA degradation by RNAaseIII (Fig. 5a, lane 13) .
The sensitivity to Mg2+ limitation was also reflected in the capacity of RNAaseIII-G97E to cleave a singlestranded RNA substrate. As shown in Fig. 5 (b) , both the wild-type and mutant enzymes cleaved RNA containing the T7 R1-1 cleavage site when 10 mM-Mg2+ was present in the assay buffer (lanes 2 and 3). With 1 mM-Mg2+ in the assay, RNAaseIII-G97E exhibited no cleavage of R1.l RNA (lane 5) whereas RNAaseIII fully cleaved this substrate (lane 4). Furthermore, RNAaseIII could partially cleave this site in the presence of 0.1 mM-Mg2+ (lane 6).
Discussion
In this study we refer to two phenotypes of RNAaseIII expression : the lethal expression of RNAaseIII in the lower eukaryote S. cerevisiae (Pines et al., 1988) and the capacity of RNAaseIII expression in the prokaryote E. coli to reduce the efficiency of propagation of bacteriophage gyl (Davidov et aZ., 1992) . A single point mutation substituting glycine 97 by a glutamic acid residue eliminates the lethal phenotype of the mutant RNAaseIII (RNAaseIII-G97E) in yeast and reduces fourfold the effect of its expression on gyl propagation in E. coli. This phenomenon can be accounted for in two ways: (a) the mutation alters the substrate specificity of RNAaseIII so that it does not recognize certain substrates in vivo; (b) the mutation reduces or eliminates the activity of RNAaseIII so that it cannot efficiently cleave its substrates in vivo. Our data do not support the more attractive notion that the mc-97 mutation causes a change in substrate specificity of RNAaseIII-G97E. All four single-stranded RNAaseIII substrates that were examined appeared to be cleaved identically by RNAaseIII and RNAaseIII-G97E. However, we have not ruled out the possibility that there are RNAaseIII sites which are not recognized by RNAaseIII-G97E, although this seems unlikely.
Our previous results indicated that extracts of yeast cells, expressing wild-type RNAaseIII and mutant RNAaseIII-G97E exhibit similar levels of dsRNAase activity, as determined under standard assay conditions. In this study, we have shown that the purified proteins exhibit about a twofold difference in the magnitude of dsRNAase activity and of the cleavage of single-stranded RNA substrates (under standard assay conditions). It is obvious that the clear-cut phenotype of the rnc-97 mutation in yeast and in E. coZi cannot be attributed to such small differences between the activities of the wildtype and the mutant enzymes. However, we can identify assay conditions in which the activities of the mutant and wild-type enzymes differ by a factor of 20 or more. This provides the basis for explaining, at the molecular level, the effects of the rnc-97 mutation on the enzyme which result in its phenotypes in vivo. Thus, a low concentration of Mg2+ ions (and a nonoptimal-physiological pH) in the yeast cell may result in an essentially inactive RNAaseIII-G97E versus an active RNAaseIII in vivo. Consistent with this notion are reports indicating that the intracellular free Mg2+ concentration in higher eukaryotic cells is approximately 0.5 mM (Maguire, 1990) . Free Mg2+ concentrations in prokaryotes have not been reported, although a free concentration of 1-2 mM has been estimated (Snavely, 1990) . Hence, the Mg2+ concentration inside cells relevant to enzyme modulation is in the order of 0.1-1.0 mM (Maguire, 1990) . For an enzymic system or cellular process to be modulated by Mg2+ it should be sensitive to Mg2+ concentrations within this range. In fact, it is within this range that we observe a strong effect on RNAaseIII-G97E activity in vitro.
